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forces were recorded from three force platforms (AMTI, USA). A custom built marker cluster consisting of 4 markers in a square arrangement (diagonal distance 2cm) was used to assess the effect of marker misplacement in the superior, inferior, anterior and posterior direction for the sustentaculum tali (STL), the proximal 1 st metatarsal (P1M), distal 5 th metatarsal (D5M), proximal 5 th metatarsal (P5M) and lateral calcaneus (LCA) markers. In addition manual movement of the heel complex 1cm superiorly, inferiorly, medially and laterally, and also an alignment error of 10 degrees inversion and 10 degrees eversion was assessed. Clinically meaningful effects of marker misplacement were determined using a threshold indicating the minimal clinically important difference. Misplacement of the heelwand complex had the most pronounced effect on mean kinematic profiles during the stance phase across all degrees-of-freedom with respect to hindfoot-tibia and forefoot-hindfoot angles. Vertical marker misplacement of the D5M and P5M markers affected the sagittal plane, and to a lesser extent frontal plane, forefoot-hindfoot kinematics. In conclusion, the OFM is highly sensitive to misplacement of the heel-wand complex in all directions and the P5M marker in the vertical direction.
M a n u s c r i p t
Introduction
The conventional gait model (CGM) [1] [2] [3] does not provide adequate detail on foot kinematics to make an informed surgical decision for children with foot pathology. To overcome this limitation a number of clinical gait laboratories have implemented complementary analyses including multi-segment foot modelling and pedobarography, and in some instances an integration of both [4] . Multi-segment foot modelling can provide meaningful information to guide bone and soft tissue intervention around the ankle-foot complex [5] , however, unlike the CGM there is currently no consensus on a standardised marker set or model [6] [7] [8] . The Oxford Foot Model (OFM) [9] [10] [11] is gaining popularity in clinical gait laboratories due to its availability as a Plug-in to complement the CGM in Vicon
Nexus (Vicon Motion Systems Ltd, UK). There is evidence that the OFM is reliable in both adult [9, 12] and paediatric [10, 13] populations. Furthermore, there is emerging work on the impact of marker misplacement using artificial corrections based on CT scans indicating that the anterior-posterior axis of the hindfoot segment in the OFM is most sensitive to the location of the heel marker [14] . To date, a systematic sensitivity analysis of marker misplacement using the OFM has not been undertaken. Given the relative size of the paediatric foot and the multiple degrees-of-freedom prescribed in the OFM it is likely that small errors in marker placement will have a clinically meaningful effect on kinematic profiles. A recent study has shown that inter-tester variability in the manual placement of the calcaneal markers by experienced physicians was approximately 6mm indicating that it can be difficult to position makers on the foot [15] . The purpose of this paper was to systematically assess the effect of OFM marker misplacement on hindfoot relative to tibia, and forefoot relative to hindfoot kinematic calculations during the stance phase of gait. We hypothesised that the OFM will be most sensitive to misplacement of the heel-wand marker complex.
Methods

Participants
One typically developed participant (height=156cm, mass=52 kg, foot length=21.5cm) volunteered. Ethical clearance and informed consent were obtained.
Data capture
The Plug-in-Gait and OFM marker sets were attached in accordance with Vicon release notes by an experienced therapist. Marker trajectories were recorded at 100Hz using an 8-camera, three-dimensional motion analysis system (MX40 cameras, Vicon Motion Systems Ltd, UK) and ground reaction forces were simultaneously acquired at 1KHz from three force platforms 
Kinematic calculation and data analysis
Marker trajectories and ground reaction force data were filtered using a 4 th order, zero-lag, low-pass, Butterworth filter (cut-off at 6Hz). Joint kinematic calculations were performed using the Plug-in-Gait model and the OFM Plug-in using Vicon Nexus (v1.8.5, Vicon Motion Systems Ltd, UK). Kinematic waveforms for the hindfoot relative to the tibia, and the forefoot relative to the hindfoot were imported into Matlab (v2013b, Mathworks, USA) using the biomechanics tool kit [16] . The mean angle (+/-1SD) during the stance phase was computed for each degree-of-freedom across four gait cycles for each of the conditions described above. The difference between the standard OFM marker placement and the 
Hindfoot-tibia sensitivity
The effect of marker misplacement on hindfoot relative to tibia angles is shown in Figure 2A- C. In the sagittal plane, inversion, eversion, superior and inferior placement of the heel-wand complex, and superior and inferior placement of the P5M marker led to differences above the MCID threshold. In the transverse plane, inversion, eversion, medial and lateral placement of the heel-wand complex led to differences above the MCID threshold. In the frontal plane inversion and eversion of the heel-wand complex led to differences above the MCID threshold.
Forefoot-hindfoot sensitivity
The effect of marker misplacement on forefoot relative to hindfoot angles is shown in Figure   2D -F. In the sagittal plane, superior and inferior placement of the heel-wand complex, D5M
and P5M markers led to differences above the MCID threshold. In the transverse plane, medial and lateral placement of the heel-wand complex led to differences above the MCID threshold. In the frontal plane, inversion, eversion and lateral placement of the heel-wand complex and inferior placement of the D5M marker led to differences above the MCID threshold.
Discussion
We systematically assessed whether OFM marker misplacement led to clinically meaningful changes in kinematic calculations. In agreement with our hypothesis, errors in placement of the heel-wand complex had the most pronounced effect on mean kinematic profiles during the stance phase across all degrees-of-freedom. This finding is in agreement with Paik et al. A c c e p t e d M a n u s c r i p t
